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Abstract
The genome of the Cryptophlebia leucotreta granulovirus (CrleGV) was sequenced and analyzed. The double-stranded circular genome
contains 110,907 bp and potentially encodes 129 predicted open reading frames (ORFs), 124 of which were similar to other baculovirus
ORFs. Five ORFs were CrleGV specific and 26 ORFs were common to other granulovirus genomes. One ORF showed a significant
similarity to a nonstructural protein of Bombyx mori densovirus-2. A baculovirus chitinase gene was identified, which is most likely not
functional, because its central coding region including the conserved chitinase active site signature is deleted. Three gene copies (Crle20,
23, and 24) containing the Baculo PEP N domain of the polyhedron envelope protein were identified in CrleGV and other GV genomes.
One of them (Crle23) appeared also to contain a p10-like sequence encoding of a number of leucine-rich heptad repeats and a proline-rich
domain. Another striking feature of the genome is the presence of a hypervariable non-hr ori-like region of about 1800 bp consisting of
different kinds of repeats and palindromes. Three other repeat-rich regions were identified within the genome and are considered as
homologous regions (hrs). CrleGV is most closely related to the Cydia pomonella granulovirus (CpGV) as revealed by genome order
comparisons and phylogenetic analyses. However, the AT content of the CrleGV genome, which is 67.6% and the highest found so far in
baculoviruses, differed by 12.8% from the AT content of CpGV. This resulted in a major difference in the codon usage of both viruses and
may reflect adaptive selection constraints to their particular hosts.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The family Baculoviridae includes invertebrate-specific
viruses with circular, covalently closed, double-stranded
DNA genomes ranging in size from 80 to 180 kb. Most
baculoviruses studied so far are pathogenic for insect spe-
cies of the orders Lepidoptera, Diptera, and Hymenoptera
and have been investigated for their potential use as bioin-
secticides. To date, two genera have been described based
on occlusion body morphology and phylogenetic analyses
of molecular sequences. The granuloviruses (GVs) have
single virions occluded in granules, whereas the nucleo-
polyhedroviruses (NPVs) form occlusion bodies with many
virions. Taxa classified as NPVs group I are closely re-
lated, while NPVs group II show a higher degree of se-
quence divergence. Recently, the first dipteran-specific
NPV has been isolated from the mosquito Culex nigripalpus
(CuniNPV) and the entire genome sequence was determined
(Afonso et al., 2001). Phylogenetic analyses on amino acid
sequences of DNA polymerases and P74 proteins revealed
that CuniNPV is distinct from lepidopteran NPVs group I
and group II and may be a member of a new genus within
the family Baculoviridae (Moser et al., 2001).
Cryptophlebia leucotreta granulovirus (CrleGV) is a tor-
tricid-specific baculovirus that is highly pathogenic to the
false codling moth Cryptophlebia leucotreta (Lepidoptera:
Tortricidae), an important pest of citrus, cotton, maize, and
other economically important crops in tropical and subtrop-
ical Africa. Originally, three different geographic virus iso-
lates were identified from infected larvae from the Cape
Verde Islands (CV), the Ivory Coast (IC), and South Africa
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(SA) (Fritsch, 1989). Previously, different genotypes of
CrleGV-CV were isolated by in vivo cloning and a detailed
physical map of the genotype CrleGV-CV3 was constructed
(Jehle et al., 1992). It was suggested that CrleGV is closely
related to CpGV. This assumption was based on the follow-
ing evidence: (1) CrleGV and CpGV show a partly over-
lapping host range, i.e., CrleGV is infectious for C. leuco-
treta, whereas CpGV is virulent for both C. pomonella and
C. leucotreta (Fritsch et al., 1990); (2) phylogenetic trees of
different genes such as polyhedrin or ecdysteroid UDP-
glycosyltransferase suggested a monophyletic relationship
between both viruses (Jehle and Backhaus, 1994b; Worm-
leaton and Winstanley, 2001).
We have sequenced the genome of CrleGV and per-
formed comparative studies to other baculovirus genomes in
respect to arrangement, gene content, presence of repeated
and palindromic sequences, and phylogenetic relatedness.
Genome comparisons can help to answer questions concern-
ing the evolutionary history of baculoviruses and may be
useful to identify factors involved in virus infection and
replication. In particular, functional analysis of genes
unique to CrleGV or present only in the genomes of CrleGV
and CpGV may provide insight on how both viruses differ
in their interactions with their specific hosts and from other
baculoviruses. So far 19 baculovirus genomes have been
sequenced (Table 1). The growing number of fully se-
quenced baculovirus genomes allows the extraction of rel-
evant phylogenetic information on several levels. It has
been shown that phylogenetic analysis of combined gene or
protein sequences as well as gene order and content can
provide new insights in the evolutionary history of baculo-
viruses (Herniou et al., 2001; Hyink et al., 2002; Li et al.,
2002a,b).
Results and discussion
DNA sequence analysis of the CrleGV genome
The genome size of isolate CrleGV CV3 was previously
estimated to be about 112.4 kb based on restriction fragment
analyses (Jehle et al., 1992). Sequencing the complete ge-
nome revealed that it was composed of 110,907 nucleotides.
The AT content of the CrleGV genome is 67.6%, which is
the highest found so far in all sequenced baculovirus ge-
nomes, followed by the Phthorimaea operculella granulo-
virus (PhopGV) with an AT content of 64.3%. The charac-
teristic features of 19 fully sequenced baculovirus genomes
are shown in Table 1.
By convention, the first nucleotide of the methionine-
initiated start codon of the granulin gene was defined as
nucleotide 1 of the genome and the sequence numbered in
the direction of transcription of the granulin gene. In total
133 methionine-initiated open reading frames (ORFs) were
detected using computer assisted searches with a cutoff size
of 150 nt for ORFs. Five ORFs contained different kinds of
repeated sequence patterns which are structurally similar to
homologous regions (hrs) found in many other baculovi-
ruses. Therefore, these ORFs were considered as noncoding.
On the other hand, a small ORF (Crle54) encoding for a
putative protein of 49 amino acids (aa) was included in the
analyses because it showed significant homology to other
GV ORFs (Table 2). Hence a final number of 129 putative
ORFs was used in Blast and PSI-Blast searches and further
analyses.
Sixty-nine ORFs were clockwise directed and 60 ORFs
were counterclockwise directed in respect to the transcrip-
tional orientation of the granulin gene (Table 2). A linear-
Table 1
Characteristics of fully sequenced baculovirus genomes
Virus Abbreviation No.
of
ORFs
Genome
size
(bp)
AT content
(%)
No. of
hr
Accession
No.
Reference
Cryptophlebia leucotreta GV CrleGV 129 110907 67.6 3 AY229987 This study
Cydia pomonella GV CpGV 143 123500 54.8 13 NC_002816 Luque et al. (2001)
Phthorimea operculella GV PhopGV 130 119217 64.3 n.d. NC_004062 —
Plutella xylostella GV PlxyGV 120 100999 59.3 4 NC_002593 Hashimoto et al. (2000)
Xestia c-nigrum GV XecnGV 181 178733 59.3 9 NC_002331 Hayakawa et al. (1999)
Autographa californica MNPV AcMNPV 156 133894 59.3 9 NC_001623 Ayres et al. (1994)
Rachiplusia ou MNPV RoMNPV 149 131526 60.9 9 NC_004323 Harrison and Bonning (2003)
Bombyx mori NPV BmNPV 143 128413 59.6 7 NC_001962 Gomi et al. (1999)
Epiphyas postvittana NPV EppoNPV 136 118584 59.3 5 NC_003083 Hyink et al. (2002)
Orgyia pseudotsugata MNPV OpMNPV 152 131995 44.9 5 NC_001875 Ahrens et al. (1997)
Helicoverpa armigera NPV (G4) HearNPV 136 131403 61.0 5 NC_002654 Chen et al. (2001)
Helicoverpa armigera NPV (C1) HearNPV 134 130760 61.1 5 NC_003094 —
Helicoverpa zea SNPV HzSNPV 139 130869 60.9 5 NC_003349 Chen et al. (2002)
Mamestra configurata NPV (A) MacoNPV (A) 169 155060 58.3 4 NC_003529 Li et al. (2002a)
Mamestra configurata NPV (B) MacoNPV (B) 167 158482 60.0 4 NC_004117 Li et al. (2002b)
Lymantria dispar MNPV LdMNPV 164 161046 42.5 13 NC_001973 Kuzio et al. (1999)
Spodoptera exigua MNPV SeMNPV 139 135611 56.2 6 NC_002169 Ijkel et al. (1999)
Spodoptera litura NPV SpltNPV 141 139342 57.2 17 NC_003102 Pang et al. (2001)
Culex nigripalpus NPV CuniNPV 109 108252 49.1 4 NC_003084 Afonso et al. (2001)
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ized graphic representation of the CrleGV genome is shown
in Fig. 1. Minimal overlaps (less than 16 codons) were
observed between 116 adjacent ORFs. More notably,
greater levels of overlap were found between Crle2 and
Crle3 (122 bp), Crle27 and Crle28 (131 bp), Crle47 and
Crle48 (316 bp), Crle78 and Crle79 (177 bp), Crle115 and
Crle116 (71 bp), Crle123 and Crle124 (146 bp), and
Crle124 and Crle125 (128 bp).
Promoter motifs deemed to be involved in early and late
transcriptional regulation were searched for in the CrleGV
genome (for review see Friesen, 1997; Lu and Miller, 1997).
Twenty ORFs possessed an early promoter motif with a
TATA element (TATAWAW or TATAWTW, where W 
A or T) located 150 nt upstream of the start codon and an
initiator (INR) motif (CAKT or CACT, where K  G or T)
located 20–40 nt downstream of the TATA element. In four
ORFs, an INR motif was identified at 15–17 nt downstream
of the TATA element. A late baculoviral promoter motif
(DTAAG, where D  A, G, or T) located within 150 nt
upstream of the start codon was found in 80 ORFs. Both
early and late promoter motifs were observed in 14 ORFs
(Table 2).
Gene content
Of the 129 CrleGV ORFs, 62 were identified as the
so-called lepidopteran baculovirus core genes (Table 3) and
have homologues in all GV genomes (PlxyGV, XecnGV,
PhopGV, CpGV), NPV group I genomes (AcMNPV, Bm-
NPV, EppoMNPV, OpMNPV, RoMNPV), and NPV group
II genomes (HearNPV (G4), HearNPV (C1), HzSNPV,
LdMNPV, MacoNPV (A), MacoNPV (B), SeMNPV, Splt-
NPV) sequenced so far (for abbreviations, see Table 1).
The CrleGV genome encodes 26 genes which are present
in all GVs but absent in NPVs (Fig. 1, Table 3). The
putative function of only two of these GV-specific genes,
Crle43 mp-nase and Crle106 iap-5, are known so far.
Crle43 mp-nase contains a zinc-binding region and belongs
to a putative metalloproteinase superfamily, which was sug-
gested to be involved in the breakdown of insect tissues
during virus infection (Hashimoto et al., 2000; Hayakawa et
al., 1999). Crle106 iap-5 is a member of the inhibitor of
apoptosis (iap) gene family and contains two tandem bac-
ulovirus iap repeats (BIR) (Birnbaum et al., 1994). Two
other putative iap genes are Crle16 iap-3 and Crle85 iap.
Whereas Crle16 iap-3 contains two BIR motifs and has
homologues in both NPV and GV genomes, Crle85 iap
homologues possess one BIR motif and are found only in
CpGV and PhopGV. Recently, phylogenetic analysis of iap
genes from baculoviruses and their host insects provided
evidence that members of this gene family were acquired
independently several times by baculoviruses through hor-
izontal gene transfer from their lepidopteran host insects
(Hughes, 2002, Huang et al., 2000).
Five ORFs (Crle9, Crle18, Crle22, Crle48, and Crle49)
have no homologues in other baculovirus genomes se-
quenced to date and were likely-acquired by horizontal gene
transfer in recent evolutionary times. Crle49 is considered
as a CrleGV unique gene, although it shared very weak
amino acid sequence identity (17%) to Cp50. Because
Crle49 does not show similarity to the Cp50 homologue
Crle47, this apparent resemblance is considered to be inci-
dental and caused by low amino acid sequence complexity.
The function of all these unique genes is presently un-
known. However, the unique Crle9 shares significant simi-
larity with ORF 2 of the Yamanashi isolate of the Bombyx
mori densovirus [Parvoviridae] (BmDNV-2) (Bando et al.,
1995) (Fig. 2). A homologue of this ORF, encoding a
nonstructural protein, is also present in Junonia coenia
densovirus (JcDNV) (ORF4, NS-3) (Dumas et al., 1992).
To date, the functions of these ORFs in densoviruses or in
CrleGV have not been elucidated. For JcDNV, it was noted
that NS-3 is essential for virus replication (M. Bergoin,
personal communication). The high similarity between
Crle9 and BmDNV-2 ORF2 suggests that horizontal trans-
fer between insect pathogenic ssDNA Parvoviridae and
dsDNA Baculoviridae is possible.
Crle10 appears to be a chitinase ORF that is truncated to
495 nucleotides. Comparison to other baculovirus chitinase
genes revealed a large deletion of most of the central coding
region including the conserved chitinase active site signa-
ture. Therefore, it is likely that Crle10 does not encode a
functional chitinase. PCR amplification and sequencing of
the entire chitinase gene from different CrleGV isolates
(CV, SA, and IC) revealed that these isolates also contained
a truncated chitinase genes, which rules out the possibility
that the observed deletion was an artifact of the sequenced
CrleGV genotype (M. Lange and J.A. Jehle, unpublished
data). Downstream of the truncated chitinase gene a puta-
tively functional cathepsin gene (Crle11) is located. It needs
to be elucidated which influence the chitinase truncation has
on the proposed synergistic action of both enzymes (Hawtin
et al., 1997; Hom and Volkman, 2000).
Eight CrleGV ORFs were only present within the ge-
nomes of CrleGV and CpGV (Table 3, Fig. 1). Functional
studies of these genes could be helpful to understand how
CrleGV differs from CpGV and other baculoviruses. Eight
CpGV ORFs (Cp13 gp37, Cp38, Cp63 bro, Cp65, Cp66
ptp-2, Cp127 rr1, Cp128 rr2, and Cp133) have homologues
in other baculoviruses but are absent in the CrleGV genome,
reducing the number of unique CpGV ORF to 11 (Cp6,
Cp21, Cp25, Cp26, Cp36, Cp51, Cp61, Cp70, Cp72, Cp78,
and Cp142) (compare to Luque et al., 2001). No baculovirus
repeated ORFs (bro genes) could be identified in the
CrleGV genome.
Crle25 pe-38 contains a RING finger and other motifs
typical for PE-38 proteins (Carson et al., 1988). It appeared
that Crle25, Cp24, and Phop24 are the only pe-38 homo-
logues found in GVs so far (Table 2). Interestingly a further
RING finger motif is identified in the adjacent ORFs Crle26
and Cp27, respectively. These two ORFs, which are unique
to GVs, also contain an epidermis growth factor-like signa-
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Table 2
Predicted ORFs of CrleGV compared to homologues in four GVs and AcMNPV or other NPVs
ORFs (Identity %) Position Name aa Predicted
Mr
Promoter Motifs/remarks
CrleGV CpGV PhopGV PlxyGV XecnGV NPVs
1 1 (98) 1 (94) 4 (85) 1 (88) Ac8 (56) 1  747 granulin 248 29336 L
2 2 (45) 2 (35) 5 (25) 2 (26) 1246  752 164 19030 L
3 3 (72) 3 (55) 6 (52) 3 (48) Ac10 (36) 1125  2057 pk-1 310 36459 Serine/threonin pk
active-site
4 4 (69) 4 (52) 8 (28) 7 (37) 2639  2073 188 22138 E** IG MHC signature
5 5 (73) 5 (29) 9 (25) 8 (17) 2629  2889 86 10333 L E* (17)
hr-1
6 7 (69) 6 (41) 10 (31) 9 (27) Ac147 (18) 4667  3303 ie-1 454 53822
7 8 (66) 7 (45) 11 (31) 10 (33) Ac146 (25) 4704  5273 189 21117 E**
8 9 (79) 8 (54) 12 (65) 11 (53) Ac145 (36) 5672  5301 123 14061
9 5671  6300 209 25751 E* ATP/GTP-binding site
10 10 (45) 103 (29) Ac126 (31) 6839  6345 chitinase 164 18081 L E*** Truncated
11 11 (73) 58 (50) Ac127 (43) 6882  7880 cathepsin 332 37934 L Proteases asparagine-,
cystein-, histidin-
active sites
12 12 (50) 7898  8146 82 9808 L
13 14 (89) 12 (89) 13 (49) 12 (73) Ac143 (41) 8538  8281 odv-e18 85 9023 L
14 15 (72) 13 (41) 14 (42) 13 (42) Ac142 (31) 9894  8539 p49 451 52959 L Aldo/keto reductase
active site signature
hr-2
15 16 (65) 14 (52) Ld138 (34) 10820  10227 197 23706
16 17 (51) Eppo26 (48) 10903  11670 iap-3 255 29866 L E* ZINC FINGER RING,
BIR repeat
17 18 (80) 16 (70) 16 (64) 15 (53) Ac148 (45) 12743  11682 odv-e56 353 39237 L
18 12945  12700 81 9632
19 19 (52) 17 (40) 17 (41) 16 (26) Ac29 (23) 13168  13362 64 8026
20 20 (69) 19 (67) 20 (54) 17 (55) 13996  13373 207 23644 L Baculo PEP N
21 Se43 (23) 14979  14050 309 36754 L
22 15016  15204 62 7344
23 22 (79) 20 (65) 21 (57) 19 (58) 15548  16528 pep/p10 326 35124 L Baculo PEP N, heptad
repeats
24 23 (73) 21 (60) 23 (50) 18 (47) 16651  17130 159 17882 L Baculo PEP N
25 24 (33) 24 (21) Ac153 (22) 18707  17661 pe-38 348 41267 ZINC FINGER RING
26 27 (32) 20389  19106 427 48791 ZINC FINGER RING,
EGF-like domain
non-hr-ori-like
27 28 (44) 22779  23300 173 19949
28 29 (37) 25 (20) 24 (20) 25 (26) 23167  24027 286 32421 L
29 30 (63) 26 (38) 25 (27) 26 (23) 24541  25077 178 20914 L E*
30 31 (70) 27 (58) 26 (47) 27 (34) Ac23 (17) 25111  26889 F protein 592 69098
31 32 (34) 27038  28225 395 46518
32 33 (51) 29 (41) 28 (37) 29 (29) 28994  28290 234 27886 L
33 34 (69) 30 (57) 30 (40) Eppo101 29576  29001 191 21921 L Similar to Iridovirus,
GenBank gi1504250231 (48) (37)
34 35 (67) 31 (49) 29 (44) 32 (42) Ac115 (34) 29583  30140 185 20904 L
35 37 (70) 33 (64) 30 (49) 149 (42) Ac46 (56) 32224  30131 odv-e66 697 77729 L
36 39 (80) 34 (71) 31 (45) 34 (44) 32263  32580 105 12494 L
37 40 (66) 35 (33) 32943  32614 109 12670 L
38 41 (65) 37 (53) 32 (41) 35 (38) Ac6 (26) 33046  33552 lef-2 168 19910 E**
39 42 (68) 38 (28) 36 (39) 33612  33860 82 10003
40 43 (41) 39 (37) 34260  33898 120 14215 L
41 44 (40) 34852  34382 156 18363 L E**
42 45 (34) 40 (27) 34 (29) 39 (26) 35207  34911 98 11391 E*/***
43 46 (55) 41 (37) 35 (28) 40 (31) 36731  35271 mp-nase 486 56895 Zinc-binding region
44 47 (75) 42 (57) 36 (54) 43 (43) Hz100 (52) 36740  37552 p13 270 31702 L
45 48 (74) 44 (64) 37 (58) 45 (54) Ac22 (47) 37559  38680 373 42843 L
46 49 (45) 45 (43) 46 (29) 38914  38660 84 10140 L
47 50 (29) 46 (26) 38 (34) 47 (31) 38935  41079 714 83783 L
48 41234  40758 158 18459
49 41315  43060 581 65858 Weak amino acid
sequence identity (17
%) to CpGV ORF50
50 52 (62) 47 (71) 40 (57) 50 (58) Ac106 (32) 43640  43020 206 24294 L E** (15)
Ac107 (27)
51 53 (57) 48 (52) 41 (39) 51 (37) Ac110 (23) 43650  43805 51 5962
52 54 (88) 49 (83) 42 (84) 52 (87) Ac35 (78) 44121  43891 v-ubi 76 8610 L Ubiquitin domain
53 55 (59) 50 (47) 43 (45) 53 (42) Ac109 (34) 44205  45251 348 40335 L
54 56 (56) 51 (39) 44 (24) 54 (38) 45258  45407 49 5848 L
55 57 (68) 52 (39) 45 (31) 55 (25) Ac36 (24) 46126  45449 39K 225 26419
56 58 (71) 53 (64) 46 (44) 56 (52) Ac37 (22) 46397  46113 lef-11 94 10919 L
57 59 (77) 54 (63) 47 (52) 68 (57) Ac31 (53) 46856  46401 sod 151 16422 L Copper/zinc sod
signature
(continued on next page)
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Table 2 (continued)
ORFs (Identity %) Position Name aa Predicted
Mr
Promoter Motifs/remarks
CrleGV CpGV PhopGV PlxyGV XecnGV NPVs
hr-3
58 60 (73) 55 (61) 49 (52) 77 (45) Ac138 (44) 49177  47165 p74 670 76428 L
59 64 (23) 56 (18) 66 (19) 49828  49241 195 23342 E*
109 (21)
60 62 (60) 60 (55) 50 (43) 50348  50034 104 12013 L
61 68 (73) 61 (60) 51 (55) 78 (56) Ac40 (40) 50413  51576 p47 387 45766 E* (17) Crystallins beta and
gamma signature
62 69 (85) 62 (71) 52 (65) 79 (64) Ac38 (37) 51613  52278 221 26699 L Nudix hydrolase
signature
63 71 (70) 63 (56) 53 (55) 80 (41) Ac129 (28) 52327  52878 p24capsid 183 20819 L
64 67 (65) 53227  52871 118 14311 L Arginine serine-rich
region
65 73 (51) 65 (31) 54 (27) 81 (29) Ac13 (21) 53730  53275 38.7kd 151 17724 L
66 74 (75) 66 (53) 55 (47) 82 (51) Ac14 (30) 54418  53711 lef-1 235 28002
67 75 (76) 67 (50) 7 (54) 84 (46) Ac119 (37) 54534  56141 pif 535 60348 L
68 76 (63) 69 (43) 56 (33) 85 (26) 57280  56588 fgf 230 26769 L E***
69 77 (56) 70 (28) 57 (18) 86 (29) 57632  57333 99 11526
70 79 (52) 71 (37) 59 (31) 87 (29) Ac150 (22) 57798  58262 154 17628 L E*
71 80 (66) 72 (41) 60 (36) 88 (30) Ac28 (24) 58567  58259 lef-6 102 12388 L
72 81 (74) 73 (64) 61 (25) 89 (21) Ac25 (23) 59458  58604 dbp 284 33749 L
73 82 (40) 74 (23) 90 (16) 60263  59409 284 33537 L
74 83 (84) 75 (66) 63 (53) 91 (52) Ac103 (32) 60289  61467 392 46161 L
75 84 (69) 76 (27) 64 (41) 92 (41) Ac102 (23) 61496  61828 110 12261 L E**
76 85 (80) 77 (49) 66 (45) 93 (47) Ac101 (23) 61893  63032 379 43207 L
77 86 (86) 78 (62) 67 (74) 94 (54) Ac100 (43) 63059  63235 p6.9 58 7291 L
78 87 (73) 79 (68) 69 (53) 95 (50) Ac99 (45) 64030  63308 lef-5 240 27892
79 88 (76) 80 (56) 70 (46) 96 (45) Ac98 (36) 63854  64885 343 40988
80 89 (69) 81 (48) 71 (35) 97 (48) Ac96 (33) 65387  64899 162 18555 L
81 90 (76) 82 (42) 72 (38) 98 (38) Ac95 (24) 65371  68757 helicase 1128 133328 L
82 91 (90) 83 (79) 74 (69) 99 (65) Ac94 (42) 69422  68781 odv-e25 213 24013 L
83 92 (75) 84 (48) 75 (45) 100 (40) Ac93 (33) 69943  69458 161 18728 L
84 93 (78) 85 (62) 76 (50) 101 (54) Ac92 (34) 69967  70719 250 29775
85 94 (53) 86 (36) Eppo26 (31) 71398  70724 iap 224 25828 L ZINC FINGER RING,
BIR repeats
86 95 (66) 87 (53) 78 (46) 110 (46) Ac90 (32) 72821  71403 lef-4 472 55057 L
87 96 (73) 88 (52) 79 (36) 111 (41) Ac89 (27) 72871  73722 vp39capsid 283 32752 L
88 97 (82) 89 (58) 80 (46) 112 (47) Ac144 (25) 73788  74651 odv-ec27 287 33981 L
89 98 (54) Op9 (45) 74886  75326 ptp-2 146 16705 Tyrosine specific
protein phosphatase
active site
90 99 (58) 92 (33) 82 (36) 113 (32) 76457  75345 370 44525 L
91 100 (51) 93 (37) 83 (40) 116 (38) 76541  76840 99 11611 L E*
92 101 (58) 94 (46) 84 (41) 118 (36) Ac83 (25) 78693  76837 vp91capsid 618 70258 L
93 102 (51) 95 (35) 85 (31) 119 (24) Ac82 (20) 78674  79162 lp20 162 18577 L E**
94 103 (86) 96 (74) 86 (66) 120 (56) Ac81 (43) 79137  79700 187 22043 L
95 104 (78) 97 (60) 87 (47) 121 (52) Ac80 (32) 79711  80580 gp41 289 33032 L
96 105 (66) 98 (43) 88 (37) 122 (23) Ac78 (29) 80608  80865 85 9965 L
97 106 (77) 99 (68) 89 (51) 123 (53) Ac77 (31) 80822  81949 vlf-1 375 44046
98 107 (85) 100 (69) 91 (55) 125 (58) Ac76 (30) 81973  82224 83 9536 L
99 108 (69) 101 (66) 92 (41) 126 (34) Ac75 (18) 82236  82685 149 17344 L E** (15)
100 110 (54) 102 (25) 83124  82729 131 15540 E*
101 111 (71) 103 (60) 93 (49) 132 (49) Ac65 (33) 86334  83197 dnapol 1045 121250 L
102 112 (53) 104 (33) 94 (27) 133 (25) Ac66 (19) 86291  88453 desmoplakin 720 84224
103 113 (62) 105 (27) 95 (24) 134 (25) Ac67 (23) 89710  88685 lef-3 341 39859
104 114 (62) 106 (50) 96 (48) 135 (43) Ac68 (33) 89673  90056 127 14882
105 115 (70) 107 (33) 97 (23) 136 (23) 90103  90606 167 19380
106 116 (74) 108 (57) 98 (40) 137 (33) 90676  91500 iap-5 274 31479 L BIR repeats
107 117 (82) 109 (72) 99 (66) 139 (63) Ac62 (52) 91475  92974 lef-9 499 57660 L
108 118 (77) 110 (60) 100 (53) 140 (52) Ac61 (35) 92971  93432 fp 153 18122 L
109 119 (45) 111 (29) 65 (22) 169 (34) Maco96B
120 (20)
93450  93980 176 21232
110 120 (73) 112 (55) 101 (50) 141 (46) Ld22 (21) 95727  93997 dnaligase 576 67760 hsp70 signature,
DNA-ligase AMP-
binding site
111 121 (59) 118 (40) 102 (29) 142 (29) 95873  96049 58 6915 E*
112 122 (81) 117 (37) 103 (46) 143 (28) 96117  96323 68 7699
113 123 (57) 116 (39) 104 (22) 144 (26) Ac32 (21) 97599  96370 fgf 409 47444 L
114 124 (64) 115 (49) 97713  98006 97 11589 L E***
115 125 (66) 114 (52) 106 (40) 145 (40) Ac133 (33) 98054  99241 alk-exo 395 45862 L
116 126 (65) 113 (58) 107 (47) 146 (49) Ld50 (54) 99168  100505 helicase-2 445 50790 L E* ATP/GTP-binding site
117 129 (30) 101063  100530 177 21072
118 130 (45) 108 (25) 101442  101065 125 14888
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ture domain (EGF). EGF-like domains have been identified
from different taxonomic groups and were mostly found in
the extracellular domain of membrane bound proteins or in
proteins known to be secreted (Prosite Accession No.
PS00022).
Crle20 and Crle24 share 28% amino acid sequence iden-
tity. Both ORFs are members of a highly conserved GV-
specific gene family (Table 2). Phylogenetic analyses of
Crle20 and Crle24 and their homologues in other GVs
clearly suggested that both ORFs are likely to be paralogous
genes which were duplicated in a common ancestor before
the GVs started to radiate into different species (data not
shown). It is interesting to note that the N-terminal region of
Crle20, Crle24, and their homologues in other GVs have a
significant similarity to N-terminal domain of the baculovi-
rus polyhedron envelope/calyx protein (pfam04512.1 Ba-
culo PEP N domain). The baculovirus calyx protein gener-
ally consists of two highly conserved domains the PEP N
domain and the C-terminal PEP C domain (pfam 04513.1,
NCBI conserved domain database CDD), which are sepa-
rated by a highly variable stretch of amino acids often
consisting of repeats of arginine and serine residues. In
addition to these two conserved domains a third motif (C2)
can be noticed at the end of the C-terminus (Fig. 3B). It was
demonstrated previously that PEP is the major component
of the calyx/polyhedron envelope surrounding the occlusion
body (van Lent et al., 1990; Russell and Rohrmann, 1990).
The PEP N domain is also present in Crle23 and its
homologues in other GVs, such as Cp22, Phop20, Plxy21,
and Xecn19. These ORFs were considered previously as
p10-like genes because they contained repeats of contiguous
and noncontiguous heptads of hydrophobic amino acids and
also a proline-rich region (Kang et al., 1997; Hayakawa et
al., 1999; Hashimoto et al., 2000). Sequence alignment of
the Crle23 P10 domain and p10 genes from other NPVs and
GVs corroborated this view (Fig. 3A). Crle23 and its GV
homologues apparently consist of the PEP N domain a
central P10 domain, and the C-terminal C2 domain, which
again is present in all calyx/polyhedron envelope proteins
(Fig. 3B). No further p10-like ORFs were detected in the
CrleGV genome. Phylogenetic analyses using the p10 se-
quences aligned in Fig. 3A suggest a monophyletic origin of
the P10 domain in Crle23 and its homologues (Fig. 3C).
Furthermore, other p10 genes found in GVs, such as
PlxyGV ORF 2 (Plxy2); XecnGV ORF5 (Xecn5), and that
of Choristoneura fumiferana GV (ChfuGV p10), appear to
be of polyphyletic origin, since Plxy2 and Xecn5 cluster
within the p10 of NPVs group II whereas ChfuGV p10 is
much more closely related to NPVs group I p10. As shown
in Fig. 3A, the amino acid sequences within the first two
heptad repeats of the Crle23 homologues and the NPVs
group I align better than those of NPVs group I and NPVs
group II, suggesting that the P10 domain within the Crle23
homologues and the NPV p10 are indeed homologous rather
than functional analogs. The picture of evolution of pep on
the one side and p10 on the other side is not clear yet.
However, it is well documented from many studies on
NPVs that P10 and the polyhedron envelope are closely
associated and that the presence of P10 is crucial for the
proper formation of the polyhedron envelope (Russell et al.,
1991; van Oers et al., 1993; Gross et al., 1994). For GVs,
this functional association of PEP and P10 might even be
conserved in a single protein. Further studies including
domain swapping and deletion mutagenesis will be neces-
sary to elucidate the function of Crle23 and its homologues.
Crle64 and Crle77 p6.9 also appear to be similar in
their amino acid sequences (59% identity). However, this
similarity is mainly based on extensive arginine/serine (RS)
repeats, which are typical for DNA-binding proteins. The
homogenous RS repeats result in high similarity scores,
Table 2 (continued)
ORFs (Identity %) Position Name aa Predicted
Mr
Promoter Motifs/remarks
CrleGV CpGV PhopGV PlxyGV XecnGV NPVs
119 131 (81) 121 (72) 109 (67) 148 (62) Ac50 (49) 104070  101473 lef-8 865 101055 RNA polymerase beta
chain signature
120 132 (45) 110 (25) 165 (30) 104144  104488 114 12689 L
121 134 (80) 122 (63) 112 (39) 171 (43) Ac53 (25) 104676  105077 133 15473 L
122 135 (33) 123 (26) 113 (28) 172 (23) 105999  105055 314 36511 L
123 136 (45) 124 (29) 114 (30) 173 (24) 106350  106003 115 13674 L
124 137 (54) 125 (34) 174 (38) Ac53a (31) 106205  106438 lef-10 77 8753 E**
125 138 (68) 126 (49) 115 (41) 175 (44) Ac54 (29) 106308  107303 vp1054 331 38811
126 139 (43) 107414  107256 52 6429
127 140 (63) 128 (38) 117 (22) 178 (23) 107530  108393 fgf 287 33563
128 141 (61) 129 (50) 118 (46) Ac15 (38) 109791  108400 egt 463 53504 UDP-
glycosyltransferase
signature
129 143 (68) 130 (51) 120 (38) 180 (34) Ac139 (20) 109943  110854 me53 303 36216 L
Note. The percentage of amino acid identity of each CrleGV ORF compared to homologues in other selected genomes is shown in parentheses. The position
and transcriptional orientation of each ORF is indicated by nucleotide numbers and direction of the arrow heads. The presence of baculovirus early (E) and
late (L) promoter elements located within 150 nucleotides of the start codon is shown. E* indicates an INR-site CAKT located 20–40 nucleotides downstream
of a TATA-sequence TATAWAW, whereas E** indicates a TATAWTW-sequence and E*** an INR-site CACT (numbers in brackets indicate distances less
than 20 nucleotides). Characteristic amino acid sequence motifs were identified by Prosite searches (http://au.expasy.org/prosite/). Underlined ORFs indicate
intergenic spacers greater than 150 nucleotides to the following ORF.
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Fig. 1. Representation of the CrleGV genome. ORFs and transcriptional direction are indicated as arrows. ORFs present in all Lepidopteran GV and NPV genomes
sequenced to date are colored in green; GV-specific ORFs are in black; ORFs only present within the genomes of CrleGV and CpGV are in gray; CrleGV unique ORFs
are in red and ORF present in some NPVs and/or some GVs are in white. Repeat regions are colored yellow.
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even though the considered proteins are not homologous.
For that reason it is difficult to decide whether Crle64 and
Crle77 are paralogous genes or have a complete different
phylogenetic history. For example, RS repeats are also
present in the calyx/polyhedron envelope protein of
AcMNPV (Oellig et al., 1987). Whereas Crle64 is a homo-
logue of only Cp67, the ORF Crle77 p6.9 has homologues
in all baculovirus genomes and most likely encodes the
small DNA-binding protein (Wilson et al., 1987; Rohr-
mann, 1992). It was earlier found by cross-hybridization
studies and sequencing that the genome area around Crle77
p6.9 is highly conserved among baculoviruses (Jehle and
Backhaus, 1994a). Apparently, it is part of the baculovirus
core gene cluster consisting of helicase-ac96-38K-lef-5,
which is invariant in all baculoviruses known so far (Her-
niou et al., 2003). It seems that this area forms a part of the
baculovirus genome backbone where insertions and rear-
rangements are less frequent. This view is corroborated by
the genome parity plot and by the distribution of genus- and
species-specific genes along the circular genome (see Ge-
nome organization).
Repeated and noncoding sequences
Homologous repeated regions are present in most bacu-
lovirus genomes and have been implicated as origin of DNA
replication and as enhancers of early gene transcription
(Guarino and Summers, 1986; Theilmann and Stewart,
1992; Xie et al., 1995). In GVs three types of potential hrs
have been described which differ in their structure from
those of NPVs. PlxyGV contains hrs with a palindrome of
only 15 bp flanked by larger repeat units (Hashimoto et al.,
2000), whereas the hrs of XecnGV comprise nine repeat
areas lacking the central palindrome (Hayakawa et al.,
1999). In CpGV 13 imperfect palindromes have been iden-
tified and were considered as potential hrs (Luque et al.,
2001). The number of hrs regions per genome varies be-
tween 4 in MacoNPV and PlxyGV and 17 in SpltNPV
(Table 1). For identification of repeated sequences the
REPuter program was applied (Kurtz and Schleiermacher,
1999). Three putative hrs were identified within the CrleGV
genome (Fig. 1). The arrangement of palindromic and re-
peated structures deviated from those found in other bacu-
loviruses (Fig. 4).
One large intergenic spacer region is present in the
CrleGV genome between Crle26 and Crle27. It encom-
passes a region of 1800 bp in size and contains an unusual
AT-rich sequence of more than 300 bp, many direct repeats,
and short palindromes. It was shown recently that this area
is able to form concatemers and it was suggested to be a
putative non-hr ori-like structure of CrleGV (Jehle, 2002).
A large region of repeated sequences has been also identi-
fied in CpGV. It has similarity to non-hr-type ori, but
overlaps with three ORFs (Cp25, Cp26, and Cp27) (Luque
et al., 2001). Cp25 and Cp26 are unique in CpGV, whereas
Cp27 is homologous to Crle26. It is interesting to note that
the non-hr ori-like region in CrleGV is upstream of Crle26
and the major repeat sequence in CpGV is located down-
stream of its homologue Cp27.
Eleven intergenic spacer distances greater than 150 nu-
cleotides were identified (Table 2). Tblastx data base
searches revealed that the intergenic spacer between
Crle120 and Crle121 contained a putative ORF (position
104514–104606) without ATG start codon, which shows
significant homology to Cp133 (67.7% amino acid identity),
Xecn170 (51.6%), and an ORF in PhopGV (45.2%) (minus
strand, position 112068–112379) that is not defined as ORF
in the published sequence (NC_004062). Since the genome
Fig. 2. Alignment of Crle9 with ORF2 of a Bombyx mori densovirus 2 (Accession No. s78547). (Blast search: Score  74.7 bits (182), Expect  5e12,
Identities  43/144 (29%), Positives  70/144 (47%), Gaps  8/144 (5%)).
Fig. 3. (A) Alignment of the deduced amino acid sequences of p10 genes of different NPVs and GVs and the P10 domain within Crle23 and its GV
homologues. The shading was performed using GENEDOC software at shading levels of 70% (black), 50% (dark gray), and 30% (light gray) sequence
identity. Conserved heptad repeats and the proline-rich area are given below the sequence. Numbers to the right indicate amino acid positions. The sequence
of the Agrotis segetum granulovirus (AgseGV ORF2) and Choristoneura fumiferana granulovirus (ChfuGV p10) were derived from the GenBank Accession
Nos. AF130846 and AF538602, respectively. The others were deduced from the genome sequences mentioned in Table 1 (B) Relationships of NPV P10 and
calyx/polyhedron envelope protein domain with Crle23 and its GV homologues. Comparisons are based on domain presence of PEP N (pfam 04512.1), PEP
C (pfam04513.1), C2, and P10. (C) Phylogenetic analysis of the baculovirus P10 domains aligned in (A). The figure shows the consensus of the most
parsimonious trees using heuristic search and 1000 bootstrap replicates.
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position of a Cp133 homologue in CrleGV would be ex-
pected to be located between Crle120 and Crle121, the
sequencing files of CrleGV were carefully reexamined for
eventual reading errors. However, no evidence for the pres-
ence of a complete Cp133 homologue was found in CrleGV.
All other intergenic spacers revealed no significant homol-
ogy in Tblastx searches.
Genome organization
Gene order comparisons among genomes can give im-
portant information on the evolutionary history of organ-
isms. Such comparisons are independent from phylogenetic
analyses of molecular sequences and have been shown to be
useful in studying baculovirus evolution (Ijkel et al., 1999;
Hashimoto et al., 2000; Chen et al., 2001; Herniou et al.,
2001; Luque et al., 2001). The organization of the CrleGV
genome has been compared to the genomes of CpGV,
XecnGV, PlxyGV, PhopGV, and AcMNPV using Gene
Parity Plot analysis (Hannenhalli et al., 1995; Hu et al.,
1998). The relative gene arrangement between the genomes
of CrleGV and four other granuloviruses revealed a high
degree of conservation (Figs. 5A–D). Gene order is not so
well conserved between the genomes of CrleGV and Ac-
MNPV (Fig. 5E). The different levels of gene order simi-
larities between the genomes of CrleGV and CpGV,
PhopGV, PlxyGV, and XecnGV mirror the branching order
of the phylogenetic tree (see Phylogenetic position of
CrleGV). CrleGV and CpGV are most highly conserved in
their gene arrangement with only one discontinuous gene
cluster between Crle59 and Crle67 (Fig. 5A). Crle59 is the
only ORF within the genome which has a reversed orien-
tation compared to its homologue in the CpGV genome
(Cp64). However, since the ORFs Crle59 and Crle58 are
colinear with their respective homologues Phop56 and
Phop55, we propose that Cp64 was most likely originally
Table 3
Genes present in 19 baculovirus genomes listed in Table 1a
Gene function Genes present in all baculovirus
genomes
Additional genes present in all
lepidopteran NPVs and GVs
Additional genes present in all
GVs
Additional genes only present in
CrleGV and CpGV
Transcription p47 (ac40), lef-8 (ac50), lef-9
(ac62), vlf-1 (ac77), lef-4
(ac90), lef-5 (ac99)
39K (ac36), lef-6 (ac28),
lef-11 (ac37)
Replication lef-1 (ac14), lef-2 (ac6), dnapol
(ac65), helicase (ac95)
dbp1 (ac25), lef-3 (ac67), ie-1
(ac147), me53 (ac139)
Structural proteins F protein (ac23), gp41 (ac80),
odv-ec27 (ac144), odv-e56
(ac148), p6.9 (ac100), p74
(ac138), vp91/p95 (ac83), vp39
(ac89), vp1054 (ac54), pif
(ac119)
fp25K (ac61), odv-e18
(ac143), odv-e25 (ac94), odv-
e66 (ac46), pk1 (ac10), polh
(ac8),
pep/p10 (crle23)
Auxiliary alk-exo (ac133) fgf (ac32), ubiquitin (ac35) mp-nase (crle43), fgf (crle68),
iap-5 (crle106), fgf (crle 127)
Unknown 38K (ac98), ac22, ac68, ac81,
ac92, ac96, ac109, ac115,
ac142
38.7K (ac13), ac29, ac38,
ac53, ac66, ac75, ac76, ac78,
ac82, ac93, ac106, ac110,
ac145, ac146, p40 (ac101),
p12 (ac102), p45 (ac103)
crle2, crle4, crle5, crle20,
crle24, crle28, crle29, crle32,
crle36, crle42, crle47, crle54,
crle69, crle90, crle91,
crle105, crle109, crle111,
crle112, crle122, crle123
crle12, crle26, crle27, crle31,
crle41, crle64, crle117, crle126
a Extended and updated from Herniou et al. (2003).
Fig. 4. Alignment of nine putative hr repeats present in the genome of CrleGV. Name and position of the repeats are given to the left. Conserved nucleotides
are shadowed. Palindromes within the repeats are indicated by arrows on the bottom of the alignment.
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positioned downstream of Cp60 (homologous to Crle58 and
Phop55) and was translocated and inverted to its present
place in the genome of CpGV (Table 2). The gene order
comparison between the genomes of CrleGV and PhopGV
revealed a cluster of six genes in PhopGV (Phop113–118)
that is inverted relative to other GVs and includes Phop116
fgf, Phop114 alk-exo, and Phop113 helicase-2 (Fig. 5B).
Base composition and codon usage
Baculovirus genomes display great differences in base
composition and codon usage bias. The mean AT content
ranges from 42.5% in LdMNPV up to 67.6% in CrleGV,
which is the highest AT content reported so far for a bac-
ulovirus (Table 1). At present, our knowledge of factors
Fig. 5. Gene Parity Plot analyses of CrleGV versus CpGV (A), PhopGV (B), PlxyGV (C), XecnGV (D), and AcMNPV (E). Homologous genes are plotted
based on their relative location in the genome. Genes present only in one genome are plotted along the vertical and horizontal axes.
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which cause differences in the base composition and codon
usage bias in baculoviruses is very limited. However, it
could be particularly helpful to understand the evolutionary
mechanisms which shape virus genomes. Large variation in
base composition and codon usage in genes within the same
virus genome may indicate different levels of gene expres-
sion as observed in microorganisms (Li, 1997) or may
reflect differences in the time of gene acquisition. Codon
usage of highly expressed genes were found to be different
from those expressed at lower levels (Powell and
Moriyama, 1997; Grantham et al., 1981) therefore, transla-
tional selection is considered as an important factor in gene
evolution. However, Levin and Whittome (2000) compared
codon usage in six genes from six NPVs and found no
correlation between the level of gene expression and codon
bias.
It is striking that CrleGV and CpGV, which are the most
closely related GVs in our analysis, exhibit a highly di-
verged AT content (Table 1). We have analyzed the base
composition and codon usage of all ORFs of CrleGV and
CpGV. CrleGV comprise 33,891 codons, which have an AT
content of 67.0%. In contrast, the 143 CpGV ORFs contain
37,078 base triplets with an AT content of 53.2%. Thus, the
AT content of the coding regions of CrleGV and CpGV are
slightly lower than those of the overall genomes, which are
67.6 and 54.7%, respectively. In Fig. 6, the nucleotide
distribution of the first and second codon position and that
of the third codon position are shown. It appears that for the
first and second position the codon distribution in CrleGV
and CpGV are very similar, resulting in a considerable
homology in amino acid sequence. Although there is a small
bias for A/T-rich dinucleotides in CrleGV, the first and the
second nucleotide position within the codon contribute only
to 2.3 and 2.4% to the differences in the AT content of
between both genomes, whereas the third (wobble) position
accounts for 9.0%. Hence, the difference in AT content is
mainly based on the base composition of the third nucleo-
tide position.
The distribution of the nucleotide composition of all
CrleGV and CpGV ORFs is shown in Fig. 7. Genes, which
have a relatively low AT content in CrleGV (60%) and
CpGV (50%) and are present in both genomes, are Crle1
granulin, Crle77 p6.9, Crle13 odv-e18, Crle23, and Crle64.
Granulin, odv-e18, and p6.9 are highly conserved core
genes, whereas Crle23 is the most highly conserved GV-
specific gene, and Crle64 is the only homologue to Cp67.
Eight putative CrleGV genes show a very high AT content
(ranging from 74 to 76%). These belong to baculovirus core
genes such as Crle51 and Crle99, or GV-specific genes such
as Crle54, or have homologues in all GVs (except PlxyGV),
such as Crle39 and Crle46. Crle117 and Crle126 only pos-
sess homologues in CpGV (Cp129 and Cp139, respectively)
and Crle21 has homologues in SeMNPV (Se43), MacoNPV
(A) (Maco56), and MacoNPV (B) (Maco50). Because of
Fig. 6. Comparative analysis of the codon usage of all ORFs of CrleGV (black) and CpGV (gray). The nucleotide bias of the first and second codon positions
are given to the left. The dinucleotides and the encoded amino acids are given on the outer circle. The nucleotide distribution of the third codon position is
given to the right.
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their wide distribution in other GVs and NPVs, it is most
likely that these genes have a long evolutionary history in
the genome of CrleGV and that their high AT content was
provoked by adaptive constraints. In contrast, among the 10
CpGV ORFs with highest AT content, there are five ORFs
which are unique to CpGV and one ORF which is CrleGV/
CpGV-specific (Fig. 7). The observed bias of these unique
CpGV genes to high AT contents suggests that they were
only recently acquired by the CpGV genome and are not yet
fully adapted to the general CpGV base composition.
The difference in base composition between CrleGV and
CpGV might reflect an adaptation to the AT content and
codon usage of the host. The host cellular machinery has
to provide the viruses with sufficient amounts of suitable
t-RNAs to enable the virus to replicate. Analyses of the AT
content of the coding regions of the genomes of C. leuco-
treta and C. pomonella are under way to prove whether this
hypothesis applies to CrleGV and CpGV. Base composition
bias could also be a strategy of viruses that coinfect the
same host to reduce the competition for nucleotides
(Schachtel et al., 1991). It was demonstrated earlier that
CrleGV and CpGV can coinfect C. leucotreta, the only
known host of CrleGV (Fritsch, 1989). It is remarkable that
CpGV encodes both ribonucleotide reductase subunits (rr1,
rr2a), whereas these genes are absent in CrleGV. These
enzymes are present in many DNA virus genomes and
catalyze the reduction of host cell rNTPs to dNTPs for use
in replication by the virus. If differences in AT content of
CrleGV and CpGV reflect differences in base composition
of their preferred host insect, it may be an advantage for
CpGV to encode its own ribonucleotide reductase to alter
the composition of dNTPs.
Phylogenetic position of CrleGV
In the past, the phylogeny of baculoviruses has been
inferred using DNA and amino acid sequences from indi-
vidual genes (Zanotto et al., 1993; Chen et al., 1997, 1999;
Bulach et al., 1999). However, the use of single genes for
phylogenetic inference is limited. Comparisons between
different single gene phylogenies were often conflicting
because (1) different genes may have evolved at unequal
rates, (2) genes may be acquired by horizontal transfer from
the insect host or horizontal transfer between baculoviruses,
Fig. 7. Comparison of the AT-content of all ORFs from CrleGV (A) and CpGV (B). The ORFs are symbolized as circles or triangles. White circles indicate
ORFs present in GVs and/or NPVs; black circles are GV-specific ORFs; gray circles are CrleGV- and CpGV-specific ORFs, and triangles indicate ORFs
specific to CrleGV or CpGV.
232 M. Lange, J.A. Jehle / Virology 317 (2003) 220–236
and (3) nonorthologous genes are compared. Therefore the
use of several carefully selected genes, which are concate-
nated in one data set, may be more reliable to reflect
the phylogenetic relationships of baculoviruses. Recently,
Herniou et al. (2001) inferred the phylogenetic relationships
of nine baculoviruses using a combined data set of 63
conserved genes. The topology of this tree was identical to
individual gene phylogenies from ac22, ac81, ac119,
ac142, ac145, lef-8, and lef-9. Therefore, we decided to use
a dataset of concatenated sequences from these genes in-
stead of all core genes to reconstruct the evolution of 18
baculoviruses for which complete sequence information is
available (Table 1). Six of these genes are also present in
CuniNPV, whereas it is lacking the ac145 homologue. Re-
cently, CuniNPV has been shown to be distantly related to
lepidopteran baculoviruses; thus, we included this taxon as
outgroup in the phylogenetic analysis (Afonso et al., 2001;
Moser et al., 2001). Fig. 8 shows that all lepidopteran
baculoviruses were subdivided into three distinct clusters
corresponding to NPVs group I and NPVs group II and GVs
as hypothesized by Bulach et al. (1999) and Zanotto et al.
(1993). The relationships among the baculoviruses are in
agreement with combined gene phylogenies shown in pre-
vious studies (Herniou et al., 2001; Hyink et al., 2002). The
branching order between the taxa belonging to GVs and
NPVs group I was 100% supported in the maximum parsi-
mony and distance analysis, whereas the clade containing
the NPVs group II showed lower bootstrap values (Fig. 8).
This indicates that their monophyly is less supported com-
pared to NPVs group I and GVs. In particular, the clustering
of LdMNPV and SpltNPV appeared less stable within
NPVs group II. The combined data from these analyses and
from the divergence in gene content and gene order led us
to propose that NPVs group II is most likely to be a hetero-
geneous assemblage of NPVs not as well fitting as the
well-defined GVs and NPVs group I. This view is also
supported by the distribution of group-specific genes which
reflect the homogeneity of these taxa. Whereas we identified
26 GV-specific genes and 13 genes specific for NPVs group
I, there are only 3 genes present only in NPVs group II but
not in the other taxa.
Our phylogenetic analyses as well as our comparisons of
gene order and gene content demonstrate that CrleGV is a
distinct granulovirus species which is most closely related
to CpGV. However, large differences in nucleotide compo-
sition and codon usage indicate that both GVs have under-
gone a long process of adaptation to their preferred host
insect. The comparison of both CrleGV and CpGV genomes
provide new insights into granulovirus genome evolution
and is the essential precondition to further identify key
genes involved in pathogenicity and host specificity of both
viruses.
Fig. 8. Baculovirus phylogeny inferred from a combined data set of seven concatenated genes (ac22, ac81, ac119, ac142, ac145, lef-8, lef-9). Shown
is a parsimony consensus tree (2059 parsimony-informative characters, tree length  11713, consistency index  0.7693, homoplasy index  0.2307).
For abbreviations see Table 1. CuniNPV was selected as outgroup. HearNPV (C1) was not included since it is nearly identical to HearNPV (G4). Numbers
above and below the nodes indicate percentage bootstrap support (1000 replicates) for the maximum parsimony and neighbor-joining distance analyses,
respectively.
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Materials and methods
Cloning and sequencing of viral DNA
Occlusion bodies from CrleGV (isolate CV-3) were iso-
lated from infected larvae of C. leucotreta according to the
methods described by Payne (1981). DNA extractions were
performed as described by Crook et al. (1985). Twenty
micrograms of virus DNA was sheared to fragments of
1–2.5 and 2.5–5 kb using the Nebulizer (GATC, Konstanz,
Germany) and ligated into SmaI-cut dephosphorylated
pUC18 vectors (Genterprise, Mainz, Germany). Electro-
transformation was performed using Escherichia coli
DH10B ElectroMax (Gibco-BRL, Karlsruhe) and two Shot-
gun libraries were established (Genterprise). CrleGV was
sequenced to 6.4-fold genomic coverage (Genterprise) us-
ing the ABI Prism Big Dye Terminator Cycle Sequencing
Ready Reaction Kit and ABI 377 automated sequencer
(Perkin–Elmer, Applied Biosystems).
Sequence assembly and analyses
Sequence assembly was performed by using Lasergene
software (DNASTAR, Inc., Madison, WI, USA). Trace files
were checked by eye and minor mistakes were corrected.
Methionine-initiated ORFs encoding 50 amino acids or
more were considered for further analyses. ORFs smaller
than 50 amino acids were only considered as putative genes
in case of clear homology to other baculoviruses.
DNA and amino acid sequence comparisons were per-
formed using BLAST and FASTA programs (Altschul et
al., 1990; Pearson and Lipman, 1988). The BioEdit program
version 5.0.8 (Hall, 1999) was used to perform local blast
searches of all ORFs against the CrleGV genome to identify
repeated ORFs. Repeated and palindromic sequences were
identified using the REPuter program (Kurtz and Schleier-
macher, 1999). DNA regions containing ORFs with unusual
large palindromic structures and repeats were considered as
noncoding and analyzed separately. Pairwise and multiple
sequence alignments were performed using Clustal W
(Thompson et al., 1994) implemented in the BioEdit pro-
gram, version 5.0.8 (Hall, 1999). Percentage of amino acid
sequence identity was determined using Clustal W imple-
mented in the Lasergene software (DNASTAR), selecting
the protein weight identity matrix with a gap penalty of 8
and a gap length penalty of 0.10. All ORFs were investi-
gated for characteristic sequence motifs using the Prosite
program (http://au.expasy.org/prosite/).
GeneParityPlot analysis was performed on the CrleGV
genome versus the genomes of CpGV, PhopGV, PlxyGV,
XecnGV, and AcMNPV (Hannenhalli et al., 1995; Hu et al.,
1998).
Phylogenetic analyses
Phylogenetic trees were inferred from a data set of com-
bined amino acid sequences of seven genes (ac22, ac81,
ac119, ac142, ac145, lef8, lef9) common to all baculovi-
ruses, with the exception of CuniNPV, which is lacking the
ac145 homologue. A maximum parsimony bootstrap anal-
ysis (1000 replicates) was performed using PAUP* (ver-
sion 4.0b10; Swofford, 2000). In total, 3101 characters
were used from which 2059 were parsimony-informative.
CuniNPV was selected as an outgroup. Maximum parsi-
mony trees were analyzed in a heuristic search with the
tree-bisection-reconnection (TBR) branch swapping option.
A bootstrap distance analysis (1000 replicates) was per-
formed using the Protdist program (version 3.573c, imple-
mented in the Phylip software package; Felsenstein, 1993)
in which the Dayhoff PAM matrix was selected.
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